The effect of treadmill exercise on inflammatory responses in rat model of streptozotocin-induced experimental dementia of Alzheimer's type. JENB., Vol. 18, No. 2, pp.225-233, 2014 [Purpose] The aim of this study was to investigate the effect of treadmill exercise on inflammatory response in streptozotocin (STZ)-induced animal model of Alzheimer's disease (AD).
INTRODUCTION *
Along with the increase of elderly population worldwide, the incidence of diverse neurodegenerative diseases appears as a serious problem in society. Especially, one of the neurodegenerative diseases, dementia, arises as early as over thirty years old or commonly occurs in the elderly population, and is characterized by agnosia, apraxia, and aphasia [1] . Currently, in Korea due to rapid aging, patients with dementia among the elderly over 65 years old have reached 9.2%, 560 thousand, and among these, dementia of sporadic Alzheimer's type known as senile dementia accounts for 75% [2] .
Alzheimer's disease (AD) causes memory and multiple cognitive impairments and neurological dysfunction. Extracellular senile plaque composed of amyloid-beta (Aβ) causing toxicity in the brain and deposition of neurofibrillary tangles (NFTs) due to hyperphosphorylated tau protein within the cell are reported as major pathologic causes of nerve cell death [3] . Additionally, in the metabolic aspect, decrease of glucose utilization ability was observed in the brains of Alzheimer patients, and it is reported to be associated with cognitive impairment [4] . Interestingly, insulin produced in the β-cells of the pancreas moves to the brain by the cerebrospinal fluid, and functions physiologically or biochemically on organs around the brain, and insulin signaling impairment in the brain plays a major role in forming nerve fibers and plaque which are main lesions of AD [5] [6] [7] [8] [9] . Therefore, it seems that insulin signaling impairment in the brain plays a major role in forming nerve fibers and plaque which are main lesions of AD.
In fact, it is proposed that insulin signaling impairment in the brain decreases activation of insulin-mediated phosphoinositide 3-kinase (PI3-K)/Akt signaling, while results in excessive activation of glycogen synthase kinase-3β (GSK-3 β) which hyperphosphorylates tau protein and consequently forms nerve fibers or accumulates Aβ forming senile plaque [9] . Moreover, insulin signaling impairment lowers glucose metabolism in the brain by inducing a decrease of expression of glucose transporter-1 (GLUT-1) and glucose transporter-3 (GLUT-3) protein. Recently, it is suggested that the decrease of glucose metabolism in the brain reduces the level of UDP-GlcNAc through hexosamine biosynthetic pathway (HBP), which promotes hyperphosphorylation of tau by decreasing tau O-GlcNAcylation [9] . As a result, insulin signaling impairment in the brain causes abnormalities of nerve functions and reduces cognitive abilities. In particular, it is revealed that one of the major lesions of AD, Aβ deposition, causes topical inflammation in a short-term while damages or eradicates nerve cells by accelerating inflammation in chronic conditions [10] [11] [12] [13] . It is reported that the level of inflammatory cytokines increases markedly in the brains of Alzheimer patients and experimental animal models [14] [15] [16] [17] .
Since induction of Inflammation due to Aβ deposition is an almost identical result among researchers, it is important to develop methods that can prevent or reduce it as well as persistent research is required to investigate a mechanism for associations between Aβ deposition and induction of inflammation.
Recently, to establish prevention or treatment strategies for AD, various dementia related experimental animals have been actively developed and utilized. Among the dementia related animals, streptozotocin (STZ) injected mice into their intracerebroventriculars (ICV) are widely used as an experimental animal model of sporadic AD. In case of streptozotocin (STZ) injected mice into their intracerebroventriculars (ICV), it is revealed that impairment of the insulin receptor and disability in glucose metabolism were induced [18] [19] [20] [21] [22] , and Aβ was significantly accumulated, which are the same symptoms with those of Alzheimer patients [4, [23] [24] [25] .
From the past and up to the present, in order to reduce the incidence of AD, neuroscientists have attempted a lot of efforts on preventing or delaying AD by reducing Aβ deposition using diverse methods including drugs such as tacrine, donepezil, rivastigmine and galantamine, antioxidants (turmeric, catechin, and phyto chemicals), omega-3 fatty acids, immunity, and cognitive training. However, the effects were reported as temporary or negative, while recently physical activity became to have more attention as an alternative preventing or delaying AD economically.
Looking at previous research related to associations between physical activity and AD as a result of regular exercise of animal models of AD, along with a decrease of Aβ, the level of cytokines lowered while cognitive function markedly improved [26] [27] [28] [29] [30] [31] [32] . And Toll-like receptors (TLRs), Interleukin-6 (IL-6) and Tumor necrosis factor-α (TNF-α) are suggested as major indicators related to immune and inflammatory responses by exercise [33] [34] . TLRs are the type I transmembrane signaling molecules and mainly expressed in the cells in charge of the innate immune system and play a role of regulating inflammation by transmitting signals causing immune responses. Nuclear factor-kB (NF-kB) exists in an inactive state combining with the inhibitor kB(IkB) suppressing NF-kb activation, but as IkB is phosphorylated through TLR4 signaling mechanism, it is activated after separated from NF-kB and moves to nuclei and causes inflammatory response by making inflammatory cytokine genes such as TNF-α, IL-1, and IL-6 expressed [35, 36] . As a tumor necrosis factor, TNF-α is a typical cytokine inducing immune and inflammatory responses by causing necrosis. IL-1α is a typical inflammatory cytokine involved in all signaling pathways [37, 38] . However, currently there is not enough research analyzing the effect of physical activity on inflammatory response induced by AD. Therefore, this study intends to analyze the effect of treadmill exercise on changes of TLR4, NF-κB, TNF-α, and IL-1α playing a central role in the signaling pathways of inflammatory response targeting the animal model of streptozotocin (STZ)-induced sporadic AD.
METHODS

Experimental animals
The animals used in this experiment were 20-week-old Sprague-Dawley rats (Samtako, Kyunggi-do, Korea) and raised in the same environment with the K university experimental animal room maintaining constant temperature (22 ± 2) and humidity (50%) in a photoperiod cycle of 12h:12h (day and night). During the experiment, Purina rat diet -5057 manufactured according to AIN-76A diet for experimental animals presented at the American Nutrition Association was provided, and feeds and drinks were supplied without a limit. Groups were divided into Sham-control (Sham-con: n = 7), Streptozotocin-control (STZ-con: n = 7), and Streptozotocinexercise (STZ-exe: n = 7).
Rat model of memory impairment
In this experiment, to induce memory impaired rats, brain surgery was conducted. First, rats were anesthetized by intraperitoneal injection with 50 mg/kg of 1:1 mixture of Zoletil50® (Virbac Laboratories, Carros, France) and Rompun (Bayer Korea Ltd., Korea). Referring to the anatomical chart [39] , the head of the rat was fixed in the stereotaxic frame, and streptozotocin (Sigma, USA) was injected into both intracerebroventriculars (ICVs) in the following way. From the surface of the skull, based on the bregma the point located 1.5 mm right and 0.8 mm posterior was drilled by a small drill with a diameter of 0.5 mm. And then a microinjector (10 μl, 26G, Hamilton. USA) was needled into the depth of 3.6 mm, and after diluting STZ with saline to 1.5 mg per weight, 10 μl of diluted solution was injected into the intracerebroventricular (ICV) [18, 40] . After surgery, the incision site was sutured and sterilized. The animals were kept in a warm place and returned to the breeding box after recovery. For the Sham-con group, the same procedure was performed but only saline was injected.
Exercise methods
For the experiment, the rat model of ICV-STZ-induced memory impairment was used, and the experiment was composed of three steps with a gradually increased speed. The rats received pre-adaptation training using the treadmill for experimental animals (Rodent, Treadmill, Dae-myung Scienific Co, Ltd, Korea) for one week fixing the slope at 0%. The strength of the pre-adaptation training was 2m/min for the first 5 minutes, 5m/min for the next 5 minutes, and 8m/min for the last 20 minutes. After the pre-adaptation training, based on the medium strength exercise program suggested by Kim et al. [41] and study results of Lee et al. [42] , an exercise program was conducted 5 days per week for 6 weeks. The strength of the exercise was 8m/min for the first 5 minutes, 11m/min for the next 5 minutes, and 14m/min for the last 20 minutes.
Analysis methods
Behavioral Memory Test
Morris water maze test was conducted to examine the change in cognitive ability of the rat model of ICV-STZinduced memory impairment. For the water maze test, in the water tank with a diameter of 100cm and a height of 40cm filled with 30 cm water in height (22℃ ± 2℃), a circular platform with a diameter of 15cm was submerged 3cm below the surface of water, and milk powder was dissolved in the water invisibly. After 6 weeks of treadmill running, the experimental animals' escape latency, escape distance and escape pattern were measured and analyzed using a computer program, SMART 3.0 (Panlab, Spain), installed on the ceiling right above the water tank.
The water maze test was carried out for five days. Rats were trained everyday to start from the same location and reach the target placed in the same location three times each. On the last sixth day, after removing the circular platform, rats started to swim at the same starting place and reached the circular platform for 60 seconds a total of three times, and the records were used for analysis.
Brain extraction
After performing 6 weeks of exercise and behavioral test, rats were anesthetized by intraperitoneal injection with 50 mg/kg of Zoletil50® (Virbac Laboratories, Carros, France) and Rompun (Bayer Korea Ltd., Korea). And then brain tissue was extracted and stored frozen at -80℃ until the analysis.
Tissue fixation
After 24 hours of the behavioral test, the experimental animals were anesthetized by intraperitoneal injection with Zoletil50® (Virbac Laboratoies, Carros, France) and Rompun (Bayer Korea Ltd., Korea). After opening the chest cavity, through the left ventricle, 50mM of phosphate buffered saline was injected, and then 4% paraformaldehyde (PFA) fixatives dissolved in 100 mM phosphate buffer was flew through. After perfusion fixation, brain was extracted, and after keeping the brain in fixatives at 4℃ for 12 hours, fixation was conducted. The fixed brain tissue was immersed in the 30% sucrose solution for two to five days, and then using cryostat (American Optica, USA), 40 μm thick serial coronal section was made.
SDS-PAGE
10% separating gel (3DW, 30% acrylamide: bisacrylamide, 1.5 M tris pH 8.8, 10% SDS, TEMED, 10% Ammonium persulfate) and 5% stacking gel (3DW, 30% acrylamide: bisacrylamide, 1 M tris pH 6.8, 10% SDS, TEMED, 10% Ammonium persulfate) were utilized. After mixing centrifuged supernatant liquid (14,000 rpm, 30 min) with 2X Sample loading buffer (60 mM tris pH6.8, 25% glycerol, 2% SDS, 14.4 mM 2-mercaptoethanol, 0.1% Bromophenol blue) at 1:1 ratio, it was boiled at 100℃ for 10 minutes to denature protein. And then it was cooled in ice for 10 minutes and centrifuged again (14,000 rpm, 10 min). Along with the standard marker (pagerular prestained protein Ladder #SM0671-Fermentas), each sample was added to the stacking gel well prepared in the mini-Protein Ⅱ dual-slab apparatus (Bio-Rad, CA, USA) so the total amount of proteins was to be 30 μg. Electrophoresis was performed with 80 volt for about 120 minutes until the samples were touched to the bottom.
Western blot analysis
After activating the polyvinylidene difluoride (PVDF) membrane by soaking it in MeOH and washing it with transfer buffer (190 mM glycine, 50 mM Tris-base, 0.05% SDS, 20% methanol) three times, whatman 3M paper soaked by transfer buffer was overlaid sequentially and installed in the mini trans-bolt cell (Bio-Rad, CA, USA). Power was turned on with 45 volt for 120 minutes. After transferring, the membrane was placed on the rocker platform for an hour for blocking with 3% skim milk solution (in TBS-T: 10 mM tris-base pH 8.0, 150 mM NaCl, 0.05% Tween-20). Primary antibody was diluted with the blocking (3% skim milk) solution at 1:1000 and shaken for 90 minutes. After then, it was washed with TBS-T solution 3 times for 10 minutes and 2 times for 5 minutes. The secondary antibody (horseradish peroxidaseconjugated goat anti-rabbit 65-6120, ZYMED, CA, USA; horseradish peroxidase-conjugated rabbit anti-goat 81-1620, ZYMED, CA, USA; horseradish peroxidase-conjugated goat anti-mouse sc-2005, Santa Cruz, CA, USA) was diluted with blocking solution at 1:5000 and shaken for 90 minute. After then it was washed with TBS-T solution 3 times for 10 minutes and 2 times for 5 minutes. At the last step, the membrane obtained by putting the membrane in the Western Blotting Luminol Reagent (WBLR) solution for one minute for color fixation was scanned using the image analysis system (Molecular Imager Chemi Doc XRS System, Bio-Rad, USA), and the amounts of proteins were calculated using the Quantity One 1-D Analysis Software (Bio-Rad, USA).
Immunohistochemical Staining (DAB Method)
For the immunohistochemical method, using the freefloating method, from each group six sheets were selected and washed three times for 5 minutes each. To remove peroxidase, they were shaken in 50% ethyl alcohol for 30 minutes, and then washed in 0.01 M PBS 3 times for 5 minutes each. And each tissue was put in the beaker filled with 0.01 M sodium citrate and incubated for 8 minutes in the boiling water (100℃). Blocking was performed for 40 minutes using 10% normal donkey serum (2309032, millipore, USA). After blocking, primary antibody beta-amyloid (39320, Covance Inc, USA) was kept at 4℃ for 12 hours overnight. After overnight, it was washed in 0.01 M PBS three times for 5 minutes each and reacted with the horseradish peroxidase-conjugated goat anti-mouse (sc-2005, Santa Cruz, CA, USA) at the room temperature for an hour. It was washed again in the 50 Mm PBS three times for 5 minutes each, and RT incubation was carried out with vectastain-Elite ABC kit (PK-6200, Vector Laboratories, USA) solution for 30 minutes. It was washed in 0.01 M PBS three times for 5 minutes each, and DAB (3,3'-diaminobenzidine tetrahydrochloride) was diluted to 0.02% in 0.05 M tris-buffer (pH 7.6) using DAB Peroxidase Substrate Kit (SK-4100, Vector Laboratories, USA), and was color-fixed by adding 0.02% hydrogen peroxide for 5 minutes. The tissue completing color fixation was washed with 0.01 M PBS three times. After attached in the gelatin-coated slide, it was completely dried in the RT and dehydrated in ethyl alcohol having the concentration increased by 80%, 90%, and 100%. After completion of the dehydration process, it became transparent by 80%, 90%, and 100% xylene and sealed using permount.
Data processing method
For data analysis, using SPSS/PC 18.0 statistical package, descriptive statistics (mean ± SD) were calculated, and oneway ANOVA was performed for comparison between groups. When there was a statistically significant difference between groups, post-hoc tests were conducted. The significance level was set to α = 0.05.
RESULTS
Behavioral memory test
Targeting animals of STZ-induced Alzheimer's disease by intracerebroventricular (ICV) injection, the effect of 6-week endurance exercise on the memory change was investigated. The results were as follows <Fig. 1A, B>. First, in the swimming time, there was a difference between groups First, in the escape latency, there was a difference between groups (F (2, 20) = 104.98, P < 0.001), and according to the post-hoc test, compared to the STZ-con group escape latency the Sham-con group and STZ-exe group was statistically significantly short (P < 0.001). In the escape distance, there was a difference between groups (F(2, 20) = 30.933, P < 0.001), and according to the post-hoc test, compared to the STZ-con group, the escape distance of Sham-con group and STZ-exe group was statistically significantly short (P < 0.001). 
Aβ Expression in the cerebral cortex
Targeting animals of STZ-induced AD by intracerebroventricular (ICV) injection, the effect of 6-week endurance exercise on the Aβ expression change was analyzed using protein analysis and immunohistochemical staining method (DAB Method) <Fig. 2>. First, in the level of protein <Fig. 2-A>, there was a difference between groups (F (2,11) = 889.379, P < 0.001), and according to the post-hoc test, compared to the STZ-con group, the level of Aβ expression significantly decreased in the Sham-con group and the STZ-exe group (p = 0.001; p < 0.001). Additionally, in the immunohistochemical staining <Fig. 2-B>, Aβ deposition was higher in the STZ-con group and the STZ-exe group than in the Sham-con group. Especially, in the cerebral cortex of the STZ-con group, Aβ deposition appeared in a broader range than in the cerebral cortex of the STZ-exe group.
TLR4 and NF-kB expression in the cerebral cortex
Targeting animals of STZ-induced AD by intracerebroventricular (ICV) injection, the effect of 6-week endurance exercise on changes of TLR4 and NF-kB was analyzed <Fig. 3>. First, for TLR4 <Fig. 3-B>, there was a difference between groups (F (2,11) = 9.056, P < 0.01), and according to the post-hoc test, compared to the STZ-con group, the level of TLR4 expression significantly decreased in the Sham-con group and the STZ-exe group (p = 0.002; p = 0.023). Additionally, for NF-kB <Fig. 3-C>, there was a difference between groups (F (2,11) = 192.743, P < 0.001), and according to the post-hoc test, compared to the STZ-con group, the level of NF-kB expression statistically significantly decreased in the Sham-con group and STZ-exe group respectively (p < 0.001).
TNF-α and IL-1α Expression in the Cerebral Cortex
Targeting animals of STZ-induced AD by intracerebroventricular (ICV) injection, the effect of 6-week endurance exercise on changes of TNF-α and IL-1α Expression was analyzed <Fig. 4>. First, for TNF-α <Fig. 4-B>, there was a difference between groups (F (2,11) = 136.144, P < 0.001), and according to the post-hoc test, compared to the STZ-con group, the level of TNF-α expression significantly decreased in the Sham-con group and the STZ-exe group (p < 0.001). Additionally, for IL-1α <Fig. 4-C>, there was a difference between groups (F (2, 11) = 11.864, P = 0.003), and according to the post-hoc test, compared to the STZ-con, the level of IL-1α expression significantly decreased in the Sham-con group and the STZ-exe group (p < 0.001, p = 0.003).
DISCUSSION
Generally, injection of STZ into intracerebroventricular (ICV) impairs cognitive function by occurring dysfunction of glucose metabolism in the brain as well as suppresses activation of enzymes essential to insulin resistance and corresponding processes by selectively reducing the autophosphorylation process of the insulin receptor [19, 21] . In addition, it is reported that injection of STZ into intracerebroventricular (ICV) reveals the same symptoms with those of patients with AD such as lowered insulin resistance and cognitive function occurring pathologically due to significant deposition of Aβ [23] [24] [25] . Therefore, this study analyzed the effect of treadmill exercise on inflammation response occurring in the brain of the animal model of AD with insulin signaling impairment by STZ injection into intracerebroventricular (ICV).
First, the result of the water maze test to examine the effect of treadmill exercise on cognitive function showed that compared to the STZ-con, cognitive function of the STZ-exe improved, which is consistent with the study result of Rodrigues et al. [43] that treadmill exercise improved cognitive function targeting the animal model of ICV-STZ-induced Alzheimer' s disease. Moreover it coincides with previous study results that treadmill exercise improved cognitive function targeting animal models of TG2576, APPsw, Tau23 or PS2m-induced AD [26] [27] [28] [29] [30] [31] [32] . Improvement of cognitive function by regular exercise can be explained as caused by interactions of reduced oxidative stress and inflammatory response due to the reduction of the main lesion of AD, Aβ, nerve cell death suppression due to the efficiency of insulin and glucose metabolism and increase of nerve growth factor, brain plasticity and neurogenesis, etc.
On the other hand, Aβ deposition due to one of the causes occurring AD, insulin signaling impairment, seems to occur nerve cell death by inducing increase of inflammatory cytokines (TLR4, NF-kB, TNF-α, Cox-2, IL-1α, IL-1β). Park et al. [44] proposed that Aβ deposition in the brain (cerebral cortex or hippocampus) kills brain cells by causing inflammatory response, and Leem et al. [31] also suggested that nerve inflammatory response (TNF-α, IL-6, IL-1β, COX-2, and iNOS) is high in AD caused by hyperphosphorylation of tau protein.
In this study, Aβ deposition in the animal model of ICV-STZ-induced AD was considerably high, which is consistent with previous studies of Salkovic-Petrisic et al. [45] and Jung et al. [25] using the same animal model of ICV-STZ-induced AD. In addition, Aβ deposition pattern was the same as that of TG2576, APPsw, Tau23 or PS2m-induced AD animal models [26] [27] [28] [29] [30] [31] [32] , which implies that animal model of AD has advantages.
Like this, Aβ deposition in the brain increases cytotoxicity and activates inflammatory response by abnormal regulation of Aβ generation and removal due to mutation of Alzheimer disease related genes and insulin signaling impairment, and acceleration of oxidative stress [10, 46, 47, 48] . Jin et al. [49] reported that TLR-4 signaling mechanism activating NF-kB, an important nuclear transcription factor starting gene transcription related to immune and inflammatory response is activated as Aβ accumulates.
This study also showed that in the STZ-con group, protein expression of TLR4, NF-kB,TNF-α, and IL-1α was markedly high as well as the level of Aβ deposition was high, which coincides with the results of previous studies that activation of NF-kB by TLR4 caused by Aβ deposition activates inflammatory cytokines such as TNF-α and IL-1α [31, 32, [49] [50] [51] . On the other hand, it is known that physical activities or exercises inhibit Aβ generation. In this study as a result of long-term treadmill exercise targeting the animal model of ICV-STZ-induced AD, it was verified that Aβ deposition in the brain significantly decreases, which can be explained as a mechanism suggested by Salkovic-Petrisic and Hoyer [8] . Namely, long-term regular exercise seems to decrease activation of β or γ-secretase directly involved in Aβ generation by improving insulin-mediated insulin signaling impairment (PI3-K/Akt signaling activation increase and GSK-3β activation decrease). This result is also consistent with the study results of Um et al. [30] and Kang et al. [32] .
Moreover, the reduction of Aβ seems to be directly related to the decrease of nerve inflammation response. In this study, compared to the STZ-con group, protein expression of TLR4, NF-kB, TNF-α and IL-1α was found to be significantly decreased in the STZ-exe group. As presented earlier, the change coincides with previous study results that long-term treadmill exercise decreases activation of NF-kB by TLR4 by decreasing Aβ deposition, and further activation of inflammatory cytokines such as TNF-α and IL-1α was reduced [30] [31] [32] [50] [51] [52] [53] .
Consequently, it was verified that insulin signaling impairment in the brain increases Aβ deposition, activates NF-kB by TLR4, and promotes inflammation by activating inflammatory cytokines such as TNF-α and IL-1α. Meanwhile, long-term treadmill exercise seems to decrease Aβ generation by decreasing activation of β or γ-secretase through improvement of insulin-mediated insulin signaling impairment (PI3-K/ Akt signaling activation increase and GSK-3β activation decrease). The decrease of Aβ directly reduces activation of NF-kB by TLR4, and further reduces inflammatory cytokines such as TNF-α and IL-1α.
However, more specific future study is required because there are not many studies investigating effects of physical activities or exercises on neurodegenerative disease, AD, and inflammatory response.
CONCLUSION
This study analyzed the effect of treadmill exercise on inflammatory response in the brain of the animal model of ICV-STZ-induced AD. The results reveals that long-term treadmill exercise decreases the major lesion of AD, Aβ deposition, along with improvement of cognitive function, and the decrease of Aβ reduces activation of NF-kB by TLR4 controlling inflammatory cytokines and further reduces activation of inflammatory cytokine such as TNF-α and IL-1α. Therefore, long-term treadmill exercise is shown to be able to play a role as an alternative to prevent and treat AD by improving inflammatory response through reduction of the major lesion of AD, Aβ.
